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MicroscopyFor decades, microscopy of feces after formol-ethylacetate (FEA) concentration and iodine staining has been the
routine test for intestinal protozoa. Lately, polymerase chain reaction or ﬂuorescence-labeled parasite-speciﬁc
antibodies have been introduced, but their place in everyday routine diagnostics has not yet been established.
We compared FEA and salt–sugar ﬂotation (SSF) concentration followed by microscopy of iodine-stained con-
centrate and immunoﬂuorescence assay (IFA) and real-time polymerase chain reaction (qPCR) for detection of
Giardia duodenalis in human feces. Themedian number of Giardia cysts found by FEA in 19 Giardia-positive sam-
ples was 50 cysts per gram (CPG), by SSF 350 CPG, by IFA 76,700 CPG, and by qPCR 316,000 CPG. We next tested
455 consecutive samples for presence ofGiardia cysts. Using IFA as reference, qPCR had a sensitivity of 91%, spec-
iﬁcity of 95.1%, a false-positive rate of 50%, a false-negative rate of 0.48%, a positive predictive value of 50%, and a
negative predictive value of 99.5%. In conclusion, qPCR and IFAwere signiﬁcantlymore sensitive thanmicroscopy
of iodine-stained concentrates using either FEA or SSF. We suggest, when using qPCR, that positive samples are
veriﬁed by IFA to prevent false-positive results.
© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Infections with intestinal protozoan parasites like Giardia duodenalis
(syn. G. intestinalis and G. lamblia), Cryptosporidium spp. and Entamoeba
histolytica are found worldwide and microscopy for intestinal protozoa
after formol-ether (FE) or formol-ethylacetate (FEA) concentration is
standard procedure for investigating patients with diarrhea where a pro-
tozoan etiology is suspected (deWaal, 2012; Fletcher et al., 2012;Muhsen
and Levine, 2012). Zinc sulfateﬂotation for concentration of intestinal pro-
tozoa was ﬁrst described in 1938 (Faust et al., 1938) and soon modiﬁed
(Sawitz and Faust, 1941); in 1948, the FE concentration techniquewas de-
scribed (Ritchie, 1948). The FE and the zinc sulfateﬂotationmethodswere
compared in 2 studies, which found them equally sensitive (Bartlett et al.,
1978; Ritchie et al., 1952). The use of ether has since been substitutedwith
ethylacetate, without any change in sensitivity (Erdman, 1981), to be-
come the FEA concentration technique used in this study. Additionally,
we included another ﬂotation method, namely, the salt–sugar ﬂotation5-7845-2870.
. This is an open access article under(SSF) technique as an alternative to FEA. This technique has elsewhere
been used to concentrate and quantify Cryptosporidium spp. oocysts and
Giardia spp. cysts in fecal samples from animals (Maddox-Hyttel et al.,
2006). The SSF technique is advantageous to FEA, while the concentrated
samples can be analyzed with polymerase chain reaction (PCR) resulting
in higher sensitivity. On the other hand, the SSF technique is rather labo-
rious and may therefore not ﬁt well in a diagnostic laboratory.
Immunoﬂuorescence assays (IFAs) can be used to stain fecal smears
without initial concentration; this method has an increased sensitivity
compared to FEA (Garcia et al., 1992; Rose et al., 1989). Lately, the use
of PCR has been introduced, but its place in routine diagnosis of intesti-
nal protozoal infection has yet to been determined.
The introduction of PCR allows semiautomation of the diagnostic
procedure, and multiplex PCR permits the detection of several different
parasite species (Bruijnesteijn van Coppenraet and Wallinga, 2009;
Mary et al., 2013; Stensvold and Nielsen, 2012), as well as gastrointesti-
nal bacteria and viruses (van Lieshout and Roestenberg, 2015) in 1
working process. Care should be taken when analyzing samples for
G. duodenalis in feces, while G. duodenalis DNA can be present in feces
after the infection has been cleared and may cause false-positive reac-
tions. This may also blur reinfection shortly after clearance of the initial
infection (van den Bijllaardt et al., 2014).the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



















Correlation between IFA and qPCR results
Fig. 1. Correlation between results obtained by IFA (log10 of number of cysts per 10-μL
sample) and Cp values obtained by quantitative real-time PCR of G. duodenalis in 455
fecal samples. Sensitivity is shown on the y-axis; and reciprocal dilution, on the x-axis.
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ity of 4 diagnostic methods: FEA, SSF, IFA, and real-time PCR (qPCR) for
detection of G. duodenalis in clinical fecal samples.
2. Materials and methods
The study followed the Standards for the Reporting of Diagnostic ac-
curacy studies guidelines. Consecutive fecal samples (N=455) received
between August 2012 and April 2013 at Aarhus University Hospital,
Denmark, were included. FEA was performed within 48 hours after re-
ceipt of the samples. The samples were kept at + 4 °C for up to
90 days prior to qPCR analysis. Due to time constraints, SSF was per-
formed on only 269 samples of the 455 samples included in the study.
2.1. Serial dilution of G. duodenalis–positive samples
Nineteen fecal samples, positive forGiardia spp. by FEA,were includ-
ed in the study. From each sample, 2 g of feces was thoroughly mixed
with 4-mL sterile water and diluted 1:1 (undiluted) 1:20, 1:100,
1:500, and from the undiluted sample, a 1:1000 dilution was made
and further diluted, 1:5000 and 1:10,000 to minimize dilution errors.
One milliliter of each dilution was used in FEA and SSF, 10 μL for IFA,
and 1 mL was frozen at−80 °C before analysis by qPCR.
2.2. Formol ethylacetate
From each dilution, 1 mL was thoroughly mixed by vortexing for 10 s
with 7-mL 10% aqueous formaldehyde solution (VWR, Herlev, Denmark)
before poured through gauze. The samples stood for at least 20 min at
room temperature, and 3 mL of ethylacetate (Merck, Darmstadt,
Germany) was added. After shaking vigorously for 45 s, the samples
were spun 1min at 1500 g and the supernatant was discarded. The pellet
was left for a minimum of 30 min and resuspended in a ﬁnal volume of
1 mL before examination. From each sample, 20 μL was added onto a
glass slide and mixed with a droplet of approximately 20-μL iodide stain
(Cowland-R, Ampliqon, Odense, Denmark), covered with a coverslip
and examinedbymicroscopy at×400magniﬁcation. Cysts in each sample
were quantiﬁed once by 1 operator, and the number of cysts per gram
feces (CPG) was calculated.
2.3. Salt/sugar ﬂotation
Brieﬂy, 1 mL of feces dilution or 1 g of feces was concentrated as de-
scribed elsewhere (Maddox-Hyttel et al., 2006), although the ﬁnal vol-
ume was adjusted to 2 mL. The samples were analyzed as described
for the FEA concentration method.
Calculation of CPG for FEA and SSF was estimated from the number
of cysts in the 20 μL subsample taken from the concentrated parasite
sample and multiplied by 50.
2.4. Immunoﬂuorescence assay
Ten µl of diluted feces were taken after proper mixing, and a direct
smear was made on Teﬂon coated slides containing 3 wells of 10 mm
(Menzel Gläser; Thermo Scientiﬁc, Braunschweig, Germany). The
smears were left to air dry at room temperature overnight. The samples
were then ﬁxed in acetone (Merck, Darmstadt, Germany) and stained
with FITC-labeled anti-Giardia antibodies (Cellabs, Brookvale
Australia) according to manufacturer's instructions. The slides were ex-
amined by ﬂuorescence microscopy at ×400 magniﬁcation, and the
number of Giardia cysts was counted per well.
2.4.1. Calculation of CPG for IFA
Tenmicroliters of feceswas applied to eachwell on a slide as a direct
smear. The number of cysts per well was multiplied by 100 to provide
the CPG.2.5. Real-time polymerase chain reaction
2.5.1. DNA isolation
Forty-microliter liquid feces or approximately 50-mg solid feces was
added to 750-μL STAR buffer (Roche Diagnostics, Basel, Switzerland). The
material wasmixed and left at room temperature for 10min. The superna-
tant (500 μL) was added to a deep well plate with 20 μL of porcine
herpersvirus (PhHV) (cultured and harvested in-house; the original culture
derived from Prof Dr HGM Niesters, PhD, University Medical Center Gro-
ningen, Department of Medical Microbiology, Division of Clinical Virology
Groningen, The Netherlands), corresponding to 3000 copies. The PhHV
served as internal control, and the concentration of the PhHV was chosen
to give a Cp value close to 30 after DNApuriﬁcation in the absence of inhib-
itors. TheCp (crossingpoint-PCR-cycle) is thevaluegivenby theLightCycler
480 and is similar to Ct (cycle tresshold). It is the cycle at which ﬂuores-
cence achieves a deﬁned threshold. It corresponds to the cycle at which a
statistically signiﬁcant increase in ﬂuorescence is ﬁrst detected. DNA was
puriﬁed on MagNA Pure 96 (Roche Diagnostics) using the MagNA Pure
96DNAandViralNALargeVolumekit (RocheDiagnostics)withaPathogen
Universal Protocol. DNA was eluted in ﬁnal volume of 50 μL.
2.5.2. Ampliﬁcation
Previously published primers and probe for G. duodenaliswere used
(Verweij et al., 2004); the probe was labeled with Cy5 and BBQ (black
berry quencher). Primers and probe (labeled with 6-Fam and BBQ) for
Cryptosporidium spp. from Verweij et al. (2004) were present in the
PCR mastermix, but very few positive samples were found and the re-
sults could therefore not be compared between the 4 methods due to
lack of statistical power.
Primers and probe for PhHV have been published elsewhere
(Niesters, 2001). The probe was labeled with LC610 and BBQ as a
quencher. Primers were obtained from Euroﬁns (Ebersberg, Germany)
and probes from TIBMolBiol (Berlin, Germany). Ampliﬁcation reactions
were performed in 15-μL volumes containing 7.5-μL TaqMan® Fast Ad-
vanced Master Mix (Life Technologies, Naerum, Denmark), primers
each at a concentration of 200 nmol/L, probe at concentration of
200 nmol/L, and 5 μL of puriﬁed DNA.
Ampliﬁcation reactions consisted of 10 min at 95 °C followed by
45 cycles of 1 s at 95 °C, 30 s at 60 °C. Ampliﬁcation, detection, and
data analysis were performed with the LightCycler 480II system
(Roche, Mannheim, Germany). Fluorescence was measured during the
extension/annealing step of each cycle. Inhibition by fecal inhibitors
was considered if the Cp value of the PhHV internal control was either
absent or more than 5 cycles above the expected value (Cp = 30).
2.5.3. Calculation of CPG by qPCR
The number of cysts in the qPCR results was inferred from Fig. 1,
which shows the correlation between the number of cycles required
Fig. 2. Observed sensitivity of the 4 diagnostics methods for each dilution step with bars
indicating the 95% conﬁdence intervals. The difference between SSF and FEA was not sig-
niﬁcant and neither was the difference between IFA and PCR. However, the difference be-
tween the concentration techniques: FEA or SSF compared to IFA or PCR showed a great
difference (P b 0.0001).
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ber of cysts found by IFA from the same diluted sample.
2.6. Statistical analysis
G. duodenalis cysts per volume/gram feceswere considered not to be
normally distributed, and the results are therefore given as medians
values and 25–75% range. The results of the dilution experiments
were analyzed using a logistic regression model with and without the
Bonferroni correction, with dilution factor as the x-variable after log10
transformation. As each sample was analyzed repeatedly (4 methods,
6 dilutions), the generalized estimation equation was used for adjust-
ment. Conﬁdence intervals on sensitivity, speciﬁcity, and predictive
values were calculated as previously described (Mercaldo et al., 2007).
3. Results
When comparing the 4methods for diagnosis ofG. duodenalis infections,
qPCR and IFA showed the highest sensitivity.
The 19 samples tested for G. duodenalis, undiluted and in serial dilu-
tions up to 1:10,000, showed marked differences in performance com-
paring between the 4 methods. In the undiluted samples, the median
number of G. duodenalis cysts found: by FEA 50 cysts per gram
(25–75% percentile, 50–150), by SSF 350 cysts per gram (25–75% per-
centile, 200–500), by IFA 76,700 cysts per gram (25–75% percentile
56,800–122,100), and by qPCR 316,000 (see Table 1). The difference in
detection thresholds was also reﬂected by the number of samples,
which tested positive at each of the dilutions. At a dilution of 1:20, 3/
19 tested positive with FEA, 7/19 tested positive with SSF, and 19/19
tested positive by IFA and qPCR. At dilution 1:100, 0, 1, 18, and 19 sam-
ples were positive by FEA, SSF, IFA, and qPCR, respectively (Table 1).
Analysis of the 4 sensitivity curves with respect to interaction be-
tween method and dilution showed no interaction (logistic regression,
P = 0.9) demonstrating parallel curves. Overall, the sensitivity curves
of the 4 methods (Fig. 2) were not equal; P b 0.0001. Pairwise compar-
ison of the 4 tests (after Bonferroni correction) showed no statistical dif-
ference between FEA and SSF (uncorrected P=0.0485) or IFA and qPCR
(uncorrected P= 0.2308). However, when comparing the FEA and SSF
to IFA and qPCR, signiﬁcant differences were found between FEA and
IFA (P b 0.0001) and FEA and qPCR (P b 0.0001) which was also the
case when comparing SSF to IFA and qPCR, respectively (P b 0.0001 in
both cases).
The number of cysts detected by qPCRwas inferred by the correlation
between the qPCR Cp and number of cysts counted by IFA (Fig. 1). The
sensitivity of the 2 concentration methods followed by iodide staining
andmicroscopy examination had declined to below40% already at a dilu-
tion of 1:20 in comparison to the IFA and qPCR. In addition, the sensitivity
remained between 40% and 50% at a dilution of 1:5000, compared with
IFA and qPCR. We next tested 455 consecutive samples submitted from
general practice for diagnosis of intestinal protozoa. Although the qPCR
mix contained primers for detection of Cryptosporidium spp., only few
samples were positive for Cryptosporidium spp., and therefore, these re-
sults were omitted from the statistical analysis.Table 1
Comparison of results obtained from the 4 methods, in the dilution trial.
1:1 1:20
FEA Percentage positive 100% 16%
Positive/all 19/19 3/19
Median ± 25–75% 50 ± 0–150 0
SSF Positive/all 79% 15/19 37% 7/19
Median ± 25–75% 350 ± 200–500 150 ± 100–150
IFA Positive/all 100% 19/19 100% 19/19
Median ± 25–75% 76,700 ± 56800–121,100 43,300 ± 21100–71,4
qPCR Positive/all 100% 19/19 100% 19/19
Median ± 25–75% 316,200 ± 281,800–631,000 31,600 ± 5000–39,80Using IFA as reference, the qPCR had a sensitivity of 91% and a spec-
iﬁcity of 95.1%; of the 455 samples, 42 were positive by qPCR of which
21 samples were also positive by IFA; see Table 2. When the IFA was
compared to qPCR as reference method, we found that IFA had a sensi-
tivity of 50% and a speciﬁcity of 99.5%; of the 455 samples, 23 were pos-
itive by IFA and 21 of these samples were also found positive by qPCR.
Comparing FEA with qPCR as reference, the FEA had a sensitivity of
31% and a speciﬁcity of 100%; of the 455 samples, FEA found 13 samples
positive and the 13 samples were also found positive by qPCR. For SSF,
269 samples were tested, and using qPCR as reference, 8 samples
were found positive by SSF and by qPCR.
4. Discussion
The 2 concentrationmethods FEA and SSF followed by directmicros-
copy performed poorly compared to the immunoﬂuorescence-based
method and qPCR. The median number of cysts, 50 cysts per gram de-
tected by FEA, was approximately 1500 times lower than the 76,000
CPG found by the IFA and more than 6000 times lower than the
316,000 cysts per gramdetected by qPCR. The SSF on the other hand de-
tected around 900 times fewer cysts than the qPCR and approximately
200 times fewer cysts compared to the IFA. The differences cannot be at-
tributed to a dilution error, while the samples analyzedwere performed
from the same starting sample, which after thorough mixing and dilu-
tion was divided into 4 samples used for analysis.1:100 1:1000 1:5000 1:10,000
0 0 0 0
0 0 0 0
5% 1/19 0 0 0
NA 0 0 0
95% 18/19 84% 16/19 47% 9/19 26% 5/19
00 9400 ± 3700–16,900 700 ± 400–2000 300 ± 200–500 100 (NA)
100% 19/19 47% 9/19 32% 6/19 11% 2/19
0 3500 ± 2200–10,000 1000 NA 1000 NA 1000 NA
Table 2
Sensitivity and speciﬁcity of FEA, SSF, IFA, and qPCR in 455 consecutive samples submitted from general practice.
Test compared
(95% conﬁdence interval)
Sensitivity Speciﬁcity False-positive rate False-negative rate Positive predictive value Negative predictive value
qPCR compared to IFA as
the reference method
91% (72–99%) 95.1% (93%-97%) 50% ND 0.48% ND 50% (35–65%) 99.5% (98.1–99.8%)
IFA compared to qPCR as
the reference method
50% (34–66%) 99.5% (98–100%) 9% ND 4.8% ND 91.0% (71–98%) 95.1% (93–97%)
FEA compared to qPCR as
the reference method
31% (18–47%) 100% (99–100%) 0% ND 6.6% ND 89% (63–97%) 93.1% (90–95%)
SSF compared to qPCR as
the reference method
67% (35–90%) 100% (99–100%) 0% ND 1.6% ND 84% (52–96%) 99.2% (97–100%)
ND = not done.
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ﬂuorescence labeling of monoclonal antibodies and PCR, respectively
(Nazeer et al., 2013;Winiecka-Krusnell and Linder, 1995). In agreement
with our data, these studies obtained sensitivities of both IFA and qPCR
which were higher compared to the concentration techniques, iodide
staining, and microscopy. In contrast, Schuurman et al. (2007) found
qPCR, rapid immunoassay, and microscopy to be equally sensitive in a
study that compared samples initially detected positive for
G. duodenalis by microscopy. Additionally, they found qPCR to be less
speciﬁc than the other methods due to failure to detect some “true pos-
itive” samples and probable cross-contamination of other samples. In
our study, qPCR had a higher sensitivity comparedwith FEA, suggesting
that samples detected positive by FEA will also be positive by qPCR. Al-
though qPCR and rapid immunoassays are sensitive and fast, the
methods are limited to detect only selected, speciﬁc parasites, whereas
microscopical examination has the ability to simultaneously detect
other gastrointestinal parasites present in the samples. Yet, a molecular
screening approach may signiﬁcantly increase the detection rate of
those pathogens included in the test panel. This was shown, for exam-
ple, by de Boer et al. (2010)who, in a study including 28,185 stool spec-
imens, detected G. duodenalis in 4.7% of the specimens, and of these,
only 58.1% were detected positive by microscopy. These results are in
accordance with our study, which clearly demonstrated that concentra-
tion using FEA or SSF followed by iodine staining and microscopy had a
detection level at least 1500-fold lower than immunoﬂuorescence- and
PCR-based techniques, and therefore, patients with low-level
G. duodenalis infection would bemissed by routine FEA or SSF methods.
Currently, no “gold standard” test exists for detection of G. duodenalis.
Thus, it is unknown whether the false-positive rate of 50% obtained by
qPCR with IFA as reference reﬂects the truth or simply suggests a higher
sensitivity of the molecular method. Nevertheless, our results based on
serial dilution of 19 positive samples, initially found positive by FEA, did
not document any statistical difference between IFA andqPCR. The conﬁr-
matory test needs to have similar sensitivity to avoid false-negative re-
sults in samples positive by qPCR, while Giardia spp. DNA can be
detected several days post infection depending on the treatment (van
den Bijllaardt et al., 2014). Therefore, we suggest, when using qPCR as
ﬁrst-line method, that positive samples should be veriﬁed by IFA to pre-
vent false-positive results. In case the positive qPCR result is not veriﬁed
by IFA staining of fecal smear, increased sensitivity may be achieved by
preceding SSF concentration of the cysts before immunoﬂuorescence.
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